a hse 
et panes CO ae ana 
a pe olen Moretiainte to gek samen he aha 
pase hbsedomotast - 
rs 


reece ser See Revel a cated 


2 eee 
enw - 
o> 


Library 
U. S. Naval Postgraduate School. 


Monterey, California 


. 


we : ia 
. “ive? Es gv 
br Ne AE 


7. 
s, 


ee | 
band 
> 


ACKHGS LeDGNERT 
The sriter wishes to thank professor Beil Fe 
vy, of the senest¢leer Polytechnic Inatitute's 
Bagineeriag vepertment, and hie associq 
6 for aid which, wore than once, aaved this 


Sak? ‘ from ignominious eollapsee 


Sa 


7 ~* 


“a 


' af 
e 


P 
a 
¢ 
i 


fe ands, cr " eta 


et ps seseebe 


mh! 


Introduction 


The state of present available knowledge of auelear fission 
reactors is not yet sufficiently extensive to permit any detailed 
workable design of an atomic power plant for aircraft or guided 
missiles. Information on shielding requirements is particularly 
Classified; therefore, this paper is concerned especially with 
applications in uninhabited missiles. 

The aim of this paper is to review the nuclear fission 
process and its application in nuclear reactors. At the present 
time, the atomic pile is the most significant of the reactors and, 
therefore, it is covered as extensively as possible on the basis of 
a limited known theory. Finally, having investigated how power is 
produced from the nucleus, application is made to various foresee- 
able types of jet engines. An estimate is made of the characteristics 
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Thie theeies undertakes a general investigation of 
Gommistion in a floving streane 

it was firet necessary to determine, 1f poesibie, 
the mecheniem of burning, t establien the flee charac- 


_ tefistie whieh mist be present fot = flame to exists 


Study of an inverted flame wae amie in open sire 
The flame oharacterietics tere observed by seane of 
temperature and preseure surveys, schlieren photographs 


end smoke picturege 


Apparatus was constructed to allow bursing in a 
flewing streams in a constant-area chennel. Inicraa- 
tion gathered in the study of the inverted fiene wae 
applied to combustion in the constant-area channel. 

Afrangecent was sade to preheat the air stream, 
and effects of etream tenpersture on burning velocity 
were noteds 

Thie work ia an attempt to reenforce combustion 
theory #ith experimental data. Many studies of this 
nature mast be gaude Before the mechanism of combue~ 
tion ig fully understood. 
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SYBROL3 USED 


cS ~- velocity of sound, ft. per sece ({y eT) 

Gy - epecific aeat et conetant toiume, Stu per ibe “oF Gege Re 
Sy - specific heat of constant preseure, Stu per love per doze lie 
So feet to per seGe Pet 2806 

& < #ech nusbder vote 

2? = sisolute static preseure, Lie per age itte 

F, «- absolute total preesure, ibe pet SGe ites 

| i- gas Genstent, 53.5 for air 

Tf - static tempersiure, dege So 

i, ~ total tenperature, dége &. 


velocity, ft. per sete 


flies, lds pey seGe 

«- flow, cue ite per seGe 

= distances, itte 

- distance, ine 

- masse dengity, siuge per cue fie 

6 = adiabatic gas constant, 1.395 for air at 540 dege Rel) 
K = adiabatic gae constant, 1.35 fer air at 1960 dege fe 

§ = distance, ine | 


Oo =~ kk £& w# 


TABLE OF GumTeRTs 


Ackno? ledgwent 
Abstract 
laut roduction 
Description of iquipsent 
The Experizent 
Results 
Conc lusicne 
Recommendations for further Stucay 
Appendix 
fables and Gomputations 
Figures 
Bibliography 


Page 


£4 


Be 


ay 
‘ ei i % 
te FY , a 
ae = oe . 3 
aim ‘ 4 
, 


; 

> 

:s 

& 2 
= 


Bio 


| 
a3 

= 

* 


le oe) sep lp 


IRPROLCT Lun 


Seatustion in a ileving stream ie an extremely cece 
piicsted ehesical ami ueGhaniesi proecesse There are so 
gany variables, ang their effects are eo diverse, that e 
complete asalytical solution bee a far escaped tie ef- 
forts of the many sen working in this field. 


fhe Bunsen Flass 

#ost of the fundammtai work in the coebusticn 
field bag teem done vith the Bunsen flase. “ith thie 
flame it its possibie to igointe ané evaluate soxe of 
the variablese Others, such as the effect of turbulence 
and the wechanias of aixing, mist be dstereiasd in other 
Wayse The p¥inoipice of tie Sunsen fiawe ars fundasen - 
tal, however, and gust be considered by eny sorker in 
the cowbustion field. 
Definition of terage Seiore proceeding with a discus 
sion of the Kkmaen flame, it ie uecessary te define and 
@isouss the terms which sill se used. 

Blaze - gaa rendered iusinous by heating, oF by 
the literaticon of chesicul mergye 

Eleme front - Gowadary surface betweau the luai- 
nous region and the dark region of unburned gage 

Reaction gous - region whete homogeneous unwurned 


Charge ia trausformed inte comoustion praducte in cheni~ 


cal eguilivrian. 
Spatish velocity - velocity sith shich the flame 


front seves in a direction normal to ite murfase, 
Felative tc a fixed point in the exgplicaiea veecel or 
exit port (aust equal sero for 4 stationary flame). 

Burning of trensformstion velocity ~ velocity 
at whith the fieme front sivances inte and transforms 
the unburned charge in a direction aerwal te ite sure 
face. 

Mixture Woliegity - velocity *ith which sizture 
approaches fiame fronte 

Gee velocity - velocity #ita ehich the flawe is 
traneported Gediliy ia «a directicu nereai te its sure 
face as a result of te movement of the gue iate which 
it ie advancing. (For s stationary flame the gas vee 
locity ic the component of mixture velocity noreal te 
the flawe front, and is equal to the burning veiceity 
ina stable froate 
The xechsnige of Burning. for an ideal case, the gas 
@ixzture emerges Irom a turner tubs whoee eall offere 
RO résiatance to gas flow ang neither absorbs nor cone 


@acte beet. If the siaxture velocity is greater than 
the burning velocity, the fleme front vill take the 


fora of a cone, the angle of shich is such that the 
component of siature velocity normal to the gone sure 
face #111 at all tises be equal to the buraing velo- 
Gitye If the mixture velocity ic increased, the 
height of the cone ill aleo increase, until a point 
is reached vhere the angle of the wall ef the cons. 
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#ith the etrean direction nueatse zefto, at Shieh point 
combustion is ne longer possibie saa the fiame blows 
ofie If the mixture veiocity is decreased, the cone 


ill shorten until tie fiase front becomes a plane 
eutface, and viii move down the tube ag suche This 
®iil secur when the burning veiccity exeesds the aiz 
ture velocity, and is esiled a fiashback. 

‘From thie hypothetical flame it would ve an eaay 
matter to calculate turning velocity by seasuring the 
mixture velocity and the cone angiee The actuszl flame, 
even ith laminar flow, ie not quite thie siuwzies 
‘Pirst, the velocity profile of the wixture is ust umi- 
fora, tut is influenced sy friction is the tube. it 
Varies according to . | 

vv FR-S) 
for issinar floy. The burning velocity is influenced 
alo by the wall at the tube exit. Levis and Yon elpe* 
explain the acchaniew in the folicsiag way, °A burner 
flame resainge stationary above the orifice because 
there are regions, either sear the ria of near an obae 
struction in the stream like the grid of a Seker burner, 
shere the miature velocity equals the turaing velocity. 
These regions serve as continuous sources of ignition 
for the neighboring gave elemente whose velocity exceeds 
‘the burning velocity. As tae reaction zone propagates 
ffow these regions of equality, it assumes an angle to 
the direction of wiature flow go that everywhere the 
norwal component (the gas velocity) of the mixture 
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Velocity equaig the turning velocity. 

The turniag velocity is influenced by the tube 
@alle fhe wall reduces the burning velocity by its 
quesohiag efiect on the explesive reacticn. This 
quenchiag effect ia the reoult of the cestruction of 
the chain carriers ia the reuction, the sell acting 
aes a third body. If tie #ali ia cool, enmother efi ect 


de added. The chain carrier reecticus Tequire suibe 


stantial activation energies, a0 if an energy loss 
is csueed by the oool wall, the reaction, pence the 
burning velocity, vill be clowede Asa the “all ig 
heated by the flaue, this effect is lessened.* 

As etated atove, friction in the tube esuses 
the wixture velocity tc approach sere at the walle 
There ie ugualiy some point, therefore, shers tie 
#ixzture velocity equaig the Durning Veiccity and a 
Point of equilitrius is established. if the mixture 
Velocity excecie tae ourning veiscity at aii goinis, 
the flame will blow off; if the turning velocity ex 
Ceedse the wiazture velocity at all points, the flase 
will flash backe 

Sm inverted flame ig obtained Sy mounting « cen- 
ter rod in the tubee A region of lew velocity is 
eetabliened in the wake of the rode in this region 
® sone of equality of burning and siature velocities 
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ie formed at floe velocities which would exeeei the 
critical for blewoff if the obatruction were not sre 
gent. fhie flase takes the fora of an inverted cone, 
#ith the apex in the vicinity of the center rod. Fie 
gure 5 is an exsaple of an inverted flaae.e aenching 
and cooling effects of the rod on the combustion reac- 
ticu tend to Bold the fieme off the rod. Az the rod 
ie heated the fiase tip sovee cicser, and if the rod 


 beeowes extremely hot the fisee will atteeh itself and 


tend to ove unetream siong the rod. ithe inverted 
flame is very handy for use in expefieental work, in 
that the flase front is mot cdscured sy the rest of 
the flare zonee 

& Gevice which aide in establishing 2 flow sone 
of equal wixture and burning velocities ic « flase 
holder. In scat commercial applications ef eoxbue- 
tion to a flowing streas, a flame Holder is necessary 
to silos the coubestion to take place at high flow 
velociticge 
Butoing velocitye the surming velocity is of extrene 
importance in underetandssg the comD.stion reaction; 
it is therefore necessary to examine ite properties 
and vehaviore 

‘Smith? concluded that for laminar flow, if the 
other variables are held conatant, the burning velo= 
Gity is a property of the fuele He measured, for 


vite ind: 


inetance, tie ourning velocity of propane in air, sith 
slightly excess fuel, and found it to be 1665 fte/ sede 
He found that the turning velocity varied with tie 
fuel-sir Fatice Joa 4 Getercined that the burning vee 
locity ie relatively unaffisectsd by external efiecta of 
pressure and teapernturee tie refers te work by Sachsee? 
@hich showed that it is aecessary te prehest the mize 


ture froa 20° c. to 430° G. to double the ourning we- 


Aseity.e Jost aleo conciuies that the burning velocity 


is independent of the velocity of the miazture.e If the 
increase of wixture velocity iuduces turbulence, hevever, 
the burning velocity appears to inckesasee The burning 
velocity probably recains constant, Sut the effective 
eurface of action is intreaged, Shick has the effect of 
lacreasing the turning velocity. Thiae tas éeteruined 
by Ubsliohds and Koellixer.® | 

Tbe Heacticn Zone. ‘hen am Gaplosive mixture ig igni- 
ted, coabustion takes place in 2 nerroe zone eeparating 
turned and unburned ges. fhis sene prepasatice iteeiz 
inte the unturned ane at the rate at which commustion 


: feactions are induced in successive g.e lsyeree. Trig 


ie the burning veiocity. fhe resctions are induced oy 
heat tranefer (essentially oonducticn) and diffusion 
of active apeciese 

in a laminar flawe the reaction zone is very nar 


“vo, being on the onder of of sme? in a turbulent 
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flame the some ia vider and of © more complicated struce 
ture, in that some unburned gas ie able tc page througs 
it without being acted uson cuifficisatiy by cenduction 


and diffusion to enter inte the reactions This unturned 


gee usually forme a Sackilow or eddy, eventually entering 
iate the resection in the tegion of the ignitian scointe 
This aides in the saintenance of = atable flame in ture 


Bulent fiove 


Phe rates of conduction and diffusion detersine the 
burning velocitye Tlie conduction process must Praise the 
@iasture to the ignition temperature. Thize ia the reason 
that preheating ia of some aid in increasing the burning 
velocitye | 
Tyuttulesce. in paeting, several references have been 
aade to eficects of turtalient flow on the fiamee Yery 
little isforseation is available in the literature on 
this subject. *o2t references ate serely to the ef- 


fect that certain fundacentals extabliaked in lasinar 


floes do not seem to Sold for turbuient floes. ne of 


the sine of thie peper is te investi, ate the flase in 


turbulent flow and ts attenpt to drew conclusions as 
to how practical it ic to apply the fundamentals of 
laminar flow flamea te the turbuient fiasee 

Sose points concerning the turtlent flame have 
been urought out in the literature, however. Jost 


eater ad wo nl 
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and othere have suggested the passage of unburned gases 


through the flame front and a resultant back eddy inte 
the region of ignition. As wentioned before, turoulence 
hae the effect of increasing the net burning velocity. 
Turbulence eleo aide in establishing an igsition point 
by eloving the floe of the unburned mixtures 


Gosbustion in a Tubs 


- Jdeal Flame. in a tube, tie ideal flase (le«inar flow, 


mo wall effects) would form a pleae surface sorses the 
tube and sould remnin stable st one point in the tabe 
if the mixture velocity exactly equalled the murning 
Velecity. ii the sixture velocity wee inereased or 
decreased, the fiaze frent sould seve up oF dom the 
tube. Actually, of course, the cituation is quite 
Gifferent. fhe eave for laminar flow will be senai- 
gered firste 

It would apcear logicsl te set up the flew con 
Gitions in the tute and evaiuate the costustion meche 
apiea from the buralag velocity and the flow conditions 
of the widurned siazture. Unfortunately, the srobles 
has not been treated in thia wanner in the literature. 
In order to make use of other work in the field® the 
probles will te stated in the reverse form; ie es, a 


‘plausible form of burning surface vill be aseuned and 


an attempt made to gain an ingight inte the flow con 
diticngse 


4& new term aust sow be added to the list of defi- 
Bitione: the figue velocity is defined az the velocity 
with which the entire fiame front is aoving inte the 
unburned «iazture paraliel ts the tube wali. For a 
fiese atationary in the tube, flase velocity 111 equal 
the average sixture velocity. 

The meet Teasonable flame front shape te assume ig 
@ paraboloid. G@ince the peraboloid surfece ie 1.86 
tises that of the tube ercas section, the fiame velocity 
suct be 1.56 times the turning velocity. At the tube 
Genter, where the fiawe front ie normal to the tube 
axig, the velocity of combustion met be equal to the 
burning velocity; therefore, an added forward flav, 
O08 tiaecs the burning velocity, is required te obtain 
the flame velocity 1.86 times the Garning velocity. 
Progressing teward the all, thie factor becomes sagi~- 
ler until the point is reached where the flane velocity 
equais 1.56 tince the burning velocity. free thie 
point outeard to the wail, the burning velocity ia 
@feater than the effeotive flame velocity aad an eddie 
tional flow mst be established in the cther directions 
Obviously, these additional floee mst come from 
Ghangee in the flow of unburned gage It is observed 
that the unburned mixture decelerates in the center of 
the tube and accelerates near the wall te satiety 
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theae conditione.* Sxperinental results tave shown the 
fliame velocity toe be «t least double the turning velo- 
city, which comperes favorably sith the essused valus 
ef 1486." 

Seoling sifecte Adding the ooeling efiect of the wali, 
Shich would reqult in ‘ lgvering of the Gurning velocity 
near the tube, the form of the flase mirface togard the 
Fim sould be quite different from the essumed paratoe 
loide Az the wurhning Velocity aporoaches zero, wick 
it does in en actual burner, the practical result is 
that «a certain finite insyer of the zixtare ia ast 
Teached by the flame front at ali. Yhis ces Fill pase 
the flame front and reset asong the burning gases be 
hind the flase front. Sut as the tubs al] is heated 
by a eteble flswe, tne cociing efiect ig diminished, 
end as the temperature of the wail reaches the igni- 
ticn point, 2 region of ignition ie formed thich 

tende to anchor the flame. 

Velocity Erofiles when the velocity profile of the 
unburned gas ia added to the above case, it becomee 
Quite complicated. The fiame shape tende to fletien 
out, if not reverses, and the aceelerstions and decei~ 
erations in the unturned mixture change congiderably. 
It was noted experimentally, sovever, (to be discvesed 
in a later chapter), that the flauwe formed in a pipe, 
with a center tube mounted coaxially, very clocely re- 
eembles the inverted flame, to which the above prine 
ciples will applye 
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d = Combustion with Flos 


THe Fise in burning Velocity, ami tee subsequent 
 Aneresse in flase vweiseity, BPougit about by ore 
heating, add appeal to the iden of turaing fuel in- 
: < jected ints @ fioving sir etrean in a coneiantearas 
& a _— for the purpose of inereasing the Fes 
| _ Feloei ty. 
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This equation sakes it sossibie te SPecict the final 
Sach munber (4,) that results shen flee at constant 
afea afd initial tach nusber (#,) is heated through 
@ total teaperature ratis (-#a2-) Sithout friction. 
Squstion i ie plotted in figure 6. laplicaticong 
from figure 6 are that heating subdacoustic flow vill 
incPease the Gech number, and that Sheeting euperscsu- 
etic flos sill decrease the Mech suaber. it is ®orthy 
of note tint 2 subeesustic flew canagt vecoxe super 
acouetio by the addition of heat, Out sill siveys 
approacb the acoustic. siuilarly, the superacoustic 
flow cannot veeowe subacouatic, tot «iil agaia approach 
the seoustic state. fhie eosfirus tie stability of 
the acoustic state, shich ean be predicted ag it ics 
& Gondition of greatest eutropy.tt 
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GESCRIPTION OF S4uiPeast 


Two sets of equipment ware used for thease experie 
ments: a conetantearee burner and an inverteé~flane 


appsratuse 


Gonstent-sres buragre Yor the eonstant~area turning 
work the apparatus pictured in figures 1 and 2 was 


usede A apdel 215 Schramm giagle-stage, motor-driven, 
direct-cannected esapreseor serV¥ed ac the air supply, 
delivering a maximum of 175 cubic feet per mimate of 
air at SO pounde per square inch, gage, pressure. 

Air vas delivered by & one-inch liac, in which a gate- 
type control valve vae iccatede fhis gate velive was 
bypaseed by « Guerter-ineh line containing 4 aeedle 
valve for fine adjustment of air five. 

Air entered the equipment through the pre-heat 
turner. Thies turner bed been constructed in the 
Feseereh laboratory of the General fleetric company 
for work vith liquid fuelse A new fuel nozzle eae 
eonetructed go the turner could be used with pro-~ 
pase gas fuel. Theoretically, thie wurner villi 
deliver exteust products at 1000° F., with enough 
ezcese air to allow complete cowsustion in the 
constant-area burner downstreame During this work, 
however, the fuel nozzle wae never in proper adjugte 
sent, and 500° Fe wae the best temperature which 
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eould be obtained with enough air and oxygen in the 
exhaust products for turning downstream. Phis texperse 
ture and air ficw were adequate, however, for the tests 
Badee 

fhe burner eas constructed so that air entered the 
Gosbusticn region through holes in the burner iinere 
The fuel tas delivered radially at the nose of the 
burner liner. ‘then in proper opereticn, the flame 
front stecd about half-way down the Linere Ignition 
was furnished by «2 spark plug act in the burner eali 
at the downstream end of the linere Current for the 
spark was obteincd from a Yariac adjustable trenefor- 
mer, type 100¢. 

Air left the pre~beat burner through a half-inch 
section, then expanded into a measuring chamber of 
teo-inch diameter. in this chamber the air sloved to 
@ very low velocity. Temperature waa aeagured at 
thig poiat by seane of an unshielded Chromel—alumel 
thermcoupic (diaseter: one-tenth inch) incerted in 

~ the stream. Freesure, total end etatic, was also 
~ meagured, with an impact tube and #all tepse 

Leaving the weasuring section, the air was ac- 
eeleruted through a nozzle into a one-inch pipe 
section. fhree static well taps vere located in thie 
section, at the nozzle throat, and at two-inch inter- 
Vals down the pipee An unshielded Chrowel-alunel 
thermocouple vas gounted in the tube near the down 
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stream onde 

“This one-inch pipe section acted ae a constent- 
area burnere Fuel was delivered to a point betveen 
the first teo pressure taps by a center tube which 
wae held at the upstream end by a bracket in the 
@easuring chasber. The center tube eae etaendard 
quarter-inech stesl tubing. fuel entered the air 


etream from the senter tube through eight radial 


holes of s04—inch diameter. The upstream end of 
the tube eae blocked off. 

ignition in the constent-area burner vase ob- 
tained by a emall spark piug sounted in the buracr 
well. fhis plug ic of the type used in model air~ 
plane engines. Current for epark wae furnished by 
transformers 

Gomuereial bottled propane gas was used ag 
fuele isch tank contained 552 cubic feet of gas, 
&@ net weight of 100 pounds. icwer heating value 
Sas 18,700 Bfe per pound. atic of specific heata 
is 1.153 at room temperature. 

The fuel system consisted of a tenk of propane 
gae vith a standard acetylene~type reducing fitting 
mounted at the exit valve. Guarter-inch copper tu- 
bing carried the fuel to a tes fitting located near 
the burneree T¥o needle valves vere sounted after 
the tee to control fuel flow to the two burners. 
fuel waa delivered from the control valves to the 
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burners by copper tubing. Froper adjustment of the 
master control vaive at the tank and the ssedle vaives 
weald reeuit in a steady fuel pressure to either oF 
both burnefae At low fuel pressures, hovever, the 
eystes ae somewhat pressure~cenaitivee 

Fuel floe was detersined ty calitrating the syex~ 
tes againet line pressure. founds per second of fuel 
delivered against a fixed pressure are plotted versus 
line preseute (figure 5). 

Ait pressure ssacuremente Sere sede by fater sanc- 
meters and inciined—draft gagee Air flor eas computed 
@crose the tvo-ineh to one-inch aren reductions 
[averted flame equipments the equipment used in studies 
ef the inverted flame wag congtructed by Lie Gomdre Jo Pe 
Field Jre, US, for his wrk on flame holders. fhe appe~ 
 *Fatus is pictured in figure lhe 

Air supply wae furnieched by « centrifugal wlover 
Fated at 175 cubic fest per sinntes fhe cfiginal motor 
bad been replaced, hovever, ao that the actual output 
“was considersbly below that figures Air sss delivered 
at @ constant preseure of 26 inches of water, gagee 

Air wetering waz socompliched with « flat orifice 
plate constructed and installed sccording to specifi- 
Cations of the American gociety of feohanicei ingi- 
neeres! Yhe orifice was installed in a three-ineb 
brase pipee Orifice diameter was 1.531 inches. 
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Pressure tape vere instalied one~haif inch on either side 
of the orifice platee Differential presaure scrose the 
orifice was meagured vith an inclined sanoseter which 
could be read to a hundredth of an inch of water. Yeight 
Zlow seaguremente should be aceurate within three per 
cente 

Rixture flee was controled by a three-inch gate 
valve instalied teenty-five inches downatream from the 
metering orifice and nine inehes dotngtreaa from the 
point of fuel injectiome This valve allowed control of 
Ziow within lese than 6.005 inches of water on the dif- 
ferential ganouster. The location of this valve alse 
Sided in mixing the air and fuel. 

The fusl system wee similar to that used on the 
Gonstant-area Oarner. Commercial vottled propane gee 
Sas used, with the tank fitted with the standard ace- 
 bylene-type reducing valve. uerter-inch copper tubing 
@arried the fuel to a necdle control valve mounted on 
the apperatuse The fuel was injected into the air 
stream by & curved tube pointing upstream. | 

After leaving the control vaive, the wixture of 
e@ir and fuel passed through « three-to-ons reducing 
fitting and entered a section of one-inch pipee The 
‘one-inch pipe section was three feet longe inside the 
pipe & quartet-inch ete] rod wae sounted coaxially, 
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and held in place by teo sete of three set~-acrees, loe- 
Gated one foot snd teo feet from the downstreas end of 
the one-inch pipee A Pod with a froumied end wae used 
for most of the experiaents, tut foF eeveral a flate 
ended rod wee substituted. fhe fod protruded about 
One-half inch from the end of the one-inch pipes 
temperature sud preseure weacurementge sliding rack 
device to which wag attached «a Chromel-glumel thermo- 
couple eas ueed for a texpersture eurvey of the fiases 
T¥o scales sere attached to the rack: the k ecale, 
which es2 cali vratec to one-sizteenth of an inch, fae 
uaecd to seneure the distance in the line of flow doen 
etreans frou the end of the rod; the ¥ ecale, shich was 
Calibrated to thousandths of fect, was used to measure 
Gistances from the rod norwal to the line of flow. 
Temperature in sillivelts #ac read on 2 standard gel- 
Vanometer senufactured by the Generai Lleotric Companye 
& preasure gurvey “ee eude by replacing tie thermo- 
couple with an impact tube of oae-teath inch disaster. 
| Total pressures vere reed on an inclined wanouster, 
“which gave socurate readinge to one-hundredth of an 
inch water, gages 
Sagke photographye ‘Smoke pictures of the inverted 
flame vere taken with a 2) by 3; Graphlex camera equip- 
ped sith a Kodak enastiguat f 4.5 lenge Shutter speed 
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ef one-tenth second and lease aperture of f 4.5 were used 


‘with Kodak fri-% panchromatic film, film speed teston 200. 


illumination was by one General Siectric Photoeflood Hoe 2 
Placed three feet from the fiame. it. Comir. Field ool- 
laberated in obtaining these pictures. 

Beblieren photezrephye ihe Schlieren etucies of the 
inverted fliase were wade by Capt. fueecil Herrington, 


Ge G- Arwy Air forces. Iillusinetion eas by eosrk, ex 


posure tine one-thirty-ticusandth of = seconde 
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THE GAP SAIS EAT 


fhe experiment divides itself roughly inte txo 
perte: investigations ef the iaverted fiase burning 
in the coon air te determine the senerai propertics 
ef a turtulent flame, and etudies of the flame con- 
fined in a constant-eres tubes | 


The Inverted Fiewe. A tenperature survey ef the ix 
verted fisue wae eade to determine the leecetion ef 


heat conceatration and pecition of the resetion cones 
Resulte of thia survey ere shown in figure &e Average 
miazture velocity sag 2423 feet ocr second, and the 
mixture a littie on the rich side of the atoichicact- 
Fie point. The pressnve of the thersocoupie tended to 
disturb the fiame, but by using cate in the hamiling 
of the apparatus thie effect sas ainiviceds in gene 
eral, tie reguite can be classitied as fough.e iaue 
temperature sexeufing device auch as the sodius line 
fversel metiod vould yield weh sore securate Fee 
gults. Reasonably eound quantitative conclusions CRii, 
 hovever, be draw from figure Se 

The pressure survey sas sade in an attempt to 
determine the total preseure chengee taking plece ia 
the neighborkeod of the reaction sonee the otvean 
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gas first marveyed sith an impact tube, tithout the 
— fe isobare are piotted ae fuli iinee in fie 
gute 9. The flane wae then lighted, keeping the aiz- 
ture velocity the same, anc a survey tee made of the 
flaze. hese results vere very inconclusive. fhe 
readings obteined seatteres *hen plotted. This indi- 
cated that experimental errors had overehedesed the 
@eail 4ifferences in preseure #hick must be seceured 
in order to draw the sropef conciusioss.s ‘“nough 
poiate, however, appesred consistent to plot taree 
isobers, ose in front of tie fiase front and tec 
being it. These isoteare are pliottea in figure 9 aa 
Brokea lines. fhe position of the fliawe front vas 
deteruined ty observation end is piotted in figure 9 
aa a Gouble troken linge 

«wo photegraphe of the inverted flase vere taken 
Sith esoke added externaliy at tne exit of the pices 
Figure 3 ehows the flame Gurning 81th the streaa velo- 
city atcut 46 feet per seconde figure 16 is a fliane 
burning “iti the streem velocity atowt 25 fest per 
g@conde Tie luwincus flame front is clearly outlined. 
The amoke pattern defiance the outer «dye of the mizture 
stream. Pigewe ii is a plot of the flese aad streas 
Miwites The flase of figure 10 is representative of 
the fiase ueci in the temperature and preseure surveysge 

Sehileres photographs (figures ie ani 13) sere 

Gade of the above flases. fae W-fect—per-second 
iiens EGbaues 35) shame alatble the 24010 of then Slane 


a 
r) 
wi 


ine 


we 


a 


A 


a.2%% 
hm 


a ll ee i _aten 


front and the limit of the mixture stream. Yaristiona 
in the flame front, which do sot appear in the sake 
picture, ate viszibie.e. fhe low veiccity sohiierm nsho- 
tograph ({figete iz) «iso defines the flame front and 
@izture boundary. Im addition, some indication of 
fiss conditions at the emi of the red ig givene The 
Seblierea photezrapn (figure 14) of the mizture strean 


Bithout the fiese indicates the extesat of sixiag and 


Gififusion with the outside aire 

Photographe of the Tilsae were taken on infra-red 
fila. *ixture velocity eas 2 feet per second. A rad 
filter ese ueed tc exclude aii iight sscept froa the 
Ped end of the scectrume this photegraph is showa ix 
figure 15- it was taken to see bos much, if any, of 


2 the reaction sone lies shesd of the Vigitie fleme fronte 


Eke Gonetegt-Ares Surneke ixkperiaente vere conducted on 
‘the conctsnt-ares burner 1) pro-heating the air, 2) ~ 


Without ofe-Restiag the air, and 3) injecting the fuel 
CaFough the pre-heat turner but Gurming only in the 


- eonstant-eres buracr. 


Prieery purpose of the expericeate waa to determine 


‘the rise in Sach nusber reoulting from constant~-ares 


burning. ‘arly resulta indicated, hovever, that a stable 


flame could aot be seintained in the coustant-srea burner 


at entering tech numbers above 065. sethod and procedure, 
therefore, tere varies ani resuits were checked against 
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Por s test vith pre-heated air, the ofé-beat burRer 
Sas lighted off end sir flow get at a preietermine’d value 
ef totel pressure. Temperature (Tg,) vas then adjusted 
to the desired reading by varying the fuel flow. H#iner 
adjucteente of air and fuel sere wade to insure emooth 
turninge The congtant-cren turner wag then lighted off 
ami a stable flase obteined by adjusteent of the fuel 
gupply. *etergesry readings tere sede. air flew tas 


‘then increseed or decreased and the syeten belenced 


agein by adjustment of the ten fuci systeas. Finse 
etability ami execth turning vere the suides used in 
the setting of the fueleair fatios. Calgulatione proved 
that eapoth burning oceurred in every ease somethat oa 
the rich side ef the theoretical steichionetric mixturee 

Fer the nene-ore-hesting tests the nethod wae sinie 
lar, but aieplified wb the elimination of the sre-heat 
burned o 

from the readings taken in tiese tests, veliuse of 
paws %, Sere calculates es chown in tables i¥ and Ve 
& theoretiosl u, sae then ealeulated from figure GmAc 
Unfortunately, the successful rune vere at guch a low 


flow that ecourscy of the pressure readings ig quea 


tioneble. 
in the @ixing ané burner loss teats the center 


tube fuel line waz resoved frou the eonstant-area 


burner. Fuel wee injected through the pre~heat wurner, 
thoroughly sized in paasing through the sessuring chase 
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ber and tursed at the usual point ia the constaent-area 
burnere Totel preseure readings *ere taten at pointe 
1 and 5, vith the burner on and with the burner off, 
in oréer to determine friction ena burner preseure 
logsese The frietion less wae subtracted from tie toe 
tal iess t detersine Garner icose. jSe¢ table Yi.) 
One fan a8 msde juet telos biss-off and one just above 
flaschbvack ao thet the effect of vresizing fuel and air 
@oulad be deterfuined by coepering these figures with 
these for the tests sasre premiazing tae ast used. 

The flame wae ebserved during tie conctent~-aren 
- buPBee Funes in a mirror mounted off tre emi of the 
burnaete This iviped in deterrining the loection and 
shape of the flsee front, and observations of flame 
Golor gave soe imiication of certain chesical pheno- 
ORE @ 
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The reaction zone in the turbulent fiawe ie a sarros 
fegion, sordering the flese front, “bere the aajer portion 
of the temperature rise and chesical reaction secure. The 
tesperature qurvey (figure 5) aliows thie zone to te less 
than =o teath of an ineh scrosese This ic wider than the 
Lesia end Yon lhe figure of Oc2 ums for the laninar 
flame, out ie of tie sane order of magnitude. Farther 
down the flene, shere the fiame ffent breakea up because 
of increase! turtulence, the renetion sone ie sot vell- 
defined aad reaction takes clace ia turbulent bails (fi- 
gute 12)6 

& G@fop in total presaure ovcurs scrtoosn the reaction 
gone. fhe pressure survey {figure 9) shove a change fren 
@e10 inches *eter, gage, to GeO] inches water, gagee A 
S@ouperable rum ia the gonstant-ares wornsr {rua 5, table 
Vi) givee a citange from Gel} inches of water, gage, to 
Gell inches of water, gagve it seene apparent, therefore, 
thet burner pressure lovee are the result of the total 
preseure lces across the fiame froate 

The flese front ig irregulate S*hlieren photographs 
(figures 12 and 13) ehow turbulence. Gurvature of the 


_ flaxe front can be ceon in the swoke and sehlieren sheto- 


gfapise There ie an interrelation between thie curvature, 
turbulence, burning velocity and miature velocity. YTurhue 
lease increases in the downstream direction (figures 12 


and 13); therefore, the burning velocity increases. 
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Aa the borning velocity ineresses, the curvature increaseges 
tn the other hanmi, the sixture velocity is decreasing (fie 
gure 11) in the dovustreau direotione This esies resulta 
in en ineresse in curvaturee fhe curvature increases until 
the angle of the flame frost to the stream direetion be- 
comes co large that the flame front tresks up ints unstable, 
turmulent bulls (figure 12), within hich the remaining 
Feection takes places 

The photograghs shot that the flase does mot adhere 
te the end of the rod, tut forms siightiy off the eni. 
Vikie is Oecauce of the quenching and cooling effect of 
the fod. fhe temperature qurvey (figure €) indicates o 
eeol region (1500° #7.) in the flame at ite tip, just off 
the end of tie fod. fThie shoes thet the temperature 
Feache?d in the reaction sune is inileenced by quenching 
ama coolinge Sut as the frou beats up the flame sovee 
Giseser, until eventusily the fiase edheres to the rode 
Ae the roc is progreesiveiy heated tie flame tende to 
gove upstresu slong the rode *hen tue fiawe adheres to 
the rod the G¥iticai wisture velocity for tlowofi ine 
erences, indicating that the burning velocity in the 

The ignition zene foram at a point where the aisz~- 
ture velocity and the turning velocity are equal. This 
zone locates iteelé in the sake of the rod, becouse that 
_ de a region of low wixture velocitye Heating of the rod 

Gectenees the cooling and quenching effects, thereby in- 


ereseing the buruing velocity. 
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In the econetant-ares berner the ignition zane viii 


fetus Ochingd the glichtest obstruction in the stream {a 


Piece of pismo wire srapped around the center tube, oF 

the spark plug sire), of at a bot epet on the tube salle 
If all obstructions are removed, and the yall is act bot, 
tre flame becomes unstable. Sist-out and flashback pointe 
ate very close together; in fact, the flase will go cither 
Say eith the ease flowe Sut as soon ae 2 bot epot on the 
Sell develops the ignition zone will ancbor te it; then 


the flow ean be doubled sithout bleos—out ocaurringe 


fhe infra-red ohotegraph contains ao sdditional in- 
formaticne Apearentiy ali of the reaction ia indicated. 
on the seoke and avhlieren photographs. 

The constant-sres turner teets resulted in #2 tice 
in Sach nusber seroca the fleme tonee *Fom tables I¥ 


and ¥ it can be seen thet the actuel riee in “ach number 


Wae sowethat lese than the theoretical increase eomput ec 
from figure Ga. the extrevely lot fiews at which euc- 


 geeeful runs eculd Ge wade sake the oreseure readings 
@guepecte Fhe wall tane bad uot been deeigned to handle 


suoh lore preagures, so it is felt that the 6ifference 


 Detveen actual and theoretical Hach number after burning 


is sell within excerimental error. 

The extremely low fiase at which bloweut cecurred 
vers disappointing. A cheek with theory, however, shores 
that they sere to be expected. Atout ten fest per sevond 
Sas the seximim eixzture velocity at “hieh the flame could 
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Se held in the tube #ita so cbatructions of hot spotse 
From theory the Zlage velocity can be predicted to be in 
thie frangee A amail aobatruction will ailew a doubling of 
the siature velocity. 

 +Seme sizing deugth is necessary. fuel injection saz 
to inches aml sperk ignition one inch upstreas frou point 
&, wut the pressure crop cleays occurred between point 4& 
and point 5- fhe critical wixture velocity for blowout 
See increased eeweshat by thorough mixing upetreas, but 
act eignificantiy. thie indicates that edequate aixing 
Can be accomplished in a turduient etreae in a ghort 
digtancee 7 

There is ingication that soee of the mixture passes 
tarough the reecticon zone without reaetinge This um 
burned mixture fores a cowiber-flow within the fliase 
gone toward the ignition sonmee fie eccunter-fiow can 
be seen in the seilieren protegrapa, figure iz. it was 
sles spparent viesualiy. 

Gontrary to agguaption, blowout ocourred at a lower 
approach Seach nusver using pre-heated air than «itheut 
pre-heatinge uring the pre-heated runs the aces indie 
Gated the poesibility of incomplete comtugtione “Avident=- 
ly there tee not enough air and oaygen in the products of 
the pre-beat burner to silow complete comfugtion down 
etreaw. in faot, if the tesperature of the pre-heat 
burner was doubled, corbusticn could not be saintaiacd 
downstream at alle 
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it can be concluded that ehile turbulence plays a 
werked pert in the sechanics of combustion, the theorics 
whieh ere available in the literature concerning the 
laminar fliass ate in wany casee agplicable to the turbu- 
lent flame ag welle 

The establishing of en ignition sone is necessary 


for stable comtustica. This igaition zone mst be « 


region of los velocity end divorced ce ach «9 possible 
from quenching and evoling eiteotee The seiatenance of 
a steble ignition zene Gill be sided ty a back-floe of 
unburned aixture which passes through the fleme front 
Without reactings | 

The reguite shove in tables iV and Y indicate that 
am increase in “ech auaber is obteineé across the flaae 
Sonee The apparstaus used in the experiments mast be re- 
Gesigned, however, if qore satiefactary resulte and 
higher Sach rustere are to be obtained. such higher 


_ pFe-heet temperatures aust #2 used, awl these tem -era~ 


tures obteined in such a way that sufficient air is 
aveilable in the constant-area buraer for complete com 
bustione 
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RSCQCRESADATIONS FGH FUNTHSR STUDY 


If the flee conditions sitsin a turbulent flame 
and the conditions required By tie finme ef the aperoe~ 
Ghing flow could be analyzed, surner design would be 
#implified. 

| Saperimentai gor’ should be Gcoue Si & iateeFr Dure 
. ner then the one weed for thie sfojecte inetrumentatica 
mast be gore sensitive, and faciiities designed for ta- 
Ring aecutate teapereture sad greerure ceasureecntes at 
any #Oint in the tubee 

The etucy of the increases ia “ach number across a 
flave front in a constant<-area chanel ispends to a 
large extent on pre-heating the aire Pre-heatiag te 
4000" F. should double the burning velocity frou the 
foom temperature figure. Some sethod vf pre-heating 
must be devieed which does not liedt the quentity of 
sir in the constant-srea Gifiere Foasibiy sexe sort 

ef heat exchanger cana be worked cute 

. Results vf sork of this nature csuld voll be ap 

_  phied toe the design of fieme tolders. vnce the flow 
 Fequirezente of a flame are understucd, channel shape 

ss atti obstruction characteristics oan be designed to 

satiety these roquirencntas 


FABLSS AS CAMA LATIONS 


Temperature Survey <- luverted Pinas 
 Pregsure Survey - “itbout Fiane 
Pressure Survey - “ith laverted Fiame 
Buraing ia Constant-Aresa Gurner 

(fash number teate - pre-heated) 
BaFwing in constant-Ares Surner 

(#ach number tests - ay pre~hest) 
Burning in Constent~Aresn faurner 

(Mixing and Yurner ives Teste) 
Galeuistions of Yeiscity from Yoluse rice 

(inverted flane teste) 
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TABLE ff 


TPRAPRHATURE SURVEY 
inverted Flame 


Ah® .05* #0 
7 gee prescure ® 2 lve/aqe ine 
‘Temperatures were taken with Chromel-Alusel thermocouple. 
‘EK is dietance in direction of flow 
¥ ie distance noraal to flows 
Revo position: 
K @ 12.686 inches 
YQ ic7% feet 


Y % Teaperature 
in feet in inches in @illivoite 


» us B3 
a os 
REE ey 


aR o 
12 et 


12.750 
a in ieiaias Temperature 
in millivolts 
1. 760 20 875 11.0 
1800 i 
3 ue 


ent So Sag So tt kag 
A” IES tie Festa 


ei 


d3 


3e 
| ¥ & feaperature 
in feet in inches in sillivcite 
: 20 é 
| Le77o 18s0 | 25e 
5 2 wack 
0 ne27 
i oe 
13.0 bis 
a, 
; ri x t 
1960 2000 
- 30 3208 
> ie el 
15.0 B23 
1805 8 
14.0 45 06 
136! 2902 
13 20 
5° 
r & t 
10790 1960 (226 
3 G2 
15-0 as 


x a 

us i 
HS EI 
1100 2 


TABLE It 


PRESSURE SURVEY 
Bithout Fiame 


Pr res were taken with impact tube 
& ig distance in direction of flow 
ise distance normal to flow 

ro position: 
K = 14.25 
Y= 1.825 


Y 
in inches in feet 
14 ‘ 
a 1.6 
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Ab = 205° 4,0 
barometer * 30007 ine Hz 
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TABLE 111 
PRESSURE SURVEY 
"ith Inverted Flame 
Db® 5 ine ae? 


“a pros pressure= sor 105 Aba/s Sqe a 
fessures vere taken ith impact tube 
is distanee in direction of flow 
@istance normal to flow 
"0 positions 
3 & = Vee25 
FS 16825 


} (in flame fzoat) 


(10 flane front) z 


Bik ~ GGGHE ~ STH - 


(in flame front) 
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Fase IV 


HURSISG IN OOROPTANT=ARKA SULBER 

(wach Susver Tests, pre-heated) 
For subecripnts en presaure and 
temperature readings, vefer te 
figure 2e 


f¥eesure in inches water 
Temperature in millivolts 


i le2 «WO 10 6 19 130 380 


< le} oF od off doh 13550 3200 
3 4e3 oH oF MO Led LoS 5300 


«Sample caleulation: 


Fo, © 1e2*iigs © 20361 x Le2 = 0433 lese/ine® gage 


Fog & Ube75+.0%353 * Uhe786 Ldae/ine® abso 
Py © 090 @ 20761 x 0} © 0525 lbse/ine® yoge 


Fz © WTA] + 60525 © W777 Udse/ine? abac 


Baxometric pressure 2 W053" tig 
Temperature conpresasr air > S0° Ff. 
Gold junction = 75° Fe 


Py = Wed3* ig @ oi91 x 30.05 F Wh 7H47 lds/ine® abae 


Py © 1.0°H20 © 00561 2 160 © 09361 ldee/ine® exze 
Py @ 18.7947 + 20361 = 140761 Idse/ine? sdae 


Ps S Glos = ob x Sl = 25215 lbdes/ine* gsue 
Fo 2 14.7947 + 02165 = 14.7664 ibs./ine? ads. 


Fo, = 1eO*Hize = 00361 x 1.60 = 536i lds. /in? case 
Fog = Vie 7957 + 60361 = 14.781 Ldse/ine® ave. 


= i = i.ooye 


a on fo, K=2 =-j 


= 
Er (7 
= 
SheFe everage & = 1.355 
~ 


pt = HEL «soe 


« Mexeage 
Noe theoretical, from figure 6a 
for &, = ev 326 
£(Ss) = 00295 


t 

| 32 = FARE = 106 

£(%) = 00295 z 1.406 ® 0415 
from figure GA 


Be = 20860 
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fhie data wae taken just belos blom—off, ané repre- 
sents maximum results obtainabie fram the equipment. 
| Sceursey of preaqure seasuremente is doubtful in 


this Tange. 


P¥essures in pounie/square inch, absalute 
feaperatures in dez¥ees “ankine 


fun ?, & 6% Ps P, a. 


2 4.766 14.777 14-761 14.7664 14.761 lle 2190 
2 W792 BMe777 MeF7{ Wo766% We7Hs Lilo i920 
3 Weyp9e2 We777 4-777 14.7664 W.7S) 1102 196 


ma -° ¥o ti 4. theoretical 
5; 7 3 #5 5 


32 1.0007) 2.00102 0326 0361 0460 
2 1.00100 1.00120 .0380 0420 20510 
3 1.00100 1.00120 20380 0920 20510 
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BURBING If GONOTART<aNEA BUNAEH 
{Hach Bwaber feats « So fre-heat) 


fer subscripts on pressure and 
temeratere readings, refer te 
 ~ figure Ze 


Bateuetric sreseure = 29ef7*kg 
fetel texperatere (F553) & ge Fe 
Gold junction = 75° Fe 
Precoute in inches ester : 
Teeperature in aillivolte 


Readings teken at blotmoff 


hen Slee Fy F 3 5 ? r = 
1 leG¥ Leh 260 i076 on 4205 
2 le 165 $1 3 1efG oe 8505 
3 pe ee ee ee oe BE <0 


7 Run Noe | Fey ie Fs ¥e a je 
1 1468567 166757 Voeb5317 406 7847 
2 Web 85G67 MheS7A2T —WheG5517 96 7897 
3 Whe667 We67427  WHe65317 MG 7847 
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Ws | ¥. F Se x ae 
Mun ce fy Fe, F 7 iy theowetiesl 


i 550 2aoo® «1.00123 1.00173 0530 6 2050 
2 580 2649 1.00098 2.00173 22378 0496 080 
3 . SR 2560 1.00095 1000173 wf 20596 wade 


= 


TABI Vi 


BURBING 18 GORSTAST~Ak 2A GOAN Ee 
{Sizing and Burner ioes Teste) 
Pox gubceripta om pressure ati 


| temperature readings, Frefar to 


figure ee 


barometric preesure > 249%" lig 
fotal teapersture (i) & 40° 7. 
Cala junction = 75° fF. 


Pressures in inches of water 
Temperatures in sillivcite 


turning 
Run Boe | P | ‘ | ?; ‘ 
i 2 e4 035 3308 
2 Led 2 efi) Se 
3 dee oH & Fld 
& les oS 30 86 Fi 
5 oi oik AG owen 
la oe ol 7 Geb 
2a 025 elS AG Ged 
ja 026 ocd el} Oot 
Bea off eri oid Ged 


Se —_ — - 2S ee eee mL 


Fy 


m5 


pm Ben. hy 5, 3 ¥o, : “, 


i4e72942 14671496 
e764 = V.72220 
14074386 14272761 
We7WE 4.75122 
 Bee7Oge4 «14270451 


ww & 


14.70776 14. 70415 
«ee FO9GG = 142 fO5H 
M.7o992 14670776 
We7lo2s 14.70512 


eevee 


¥, =F 
o, & 


BA. 72040 201444 
14ef25S51 OLS 
WeJJl22 01625 
Beef 3279 eulis& 
Lee POFIS oGO0O75 


Me fGH07 000361 
De fOS15 200361 
Lsef05i5 eoeih 


(Gorrected for fricticn} 


201083 
201683 
eG4e9 
201770 


eww ow 


Rum foe 4 taken just below blow-off 
Bun Moe 5 taken just above flashback 
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TASLE Vii- 


CALGULATION GF YELOCITY FROR YOLUSE FLGE 
{inverted fiame Tests} 


Pice @ismeter <= 3 inches 
Orifice digecter - 1.531 iuohes 


Sees tet 23 = EE 8 25103 
(from “History of Grifice Setere ami the Calivration, 
Senstruction and Operation of orifices fet <etering,” 
hie Ge Se Be, 1955) 


for average &. = 562x10° 


amd (> = 25103 
k= 62% 
where 
= a¢ 
as yuca [2 
where 


¥ - compressibility facter 
K- velocity of approach factor 
| © < coefficient of discharge 
| A orifice throat area 
oe h - difference of head in feet 
—s« (from merk's Hendvook, page 2098, figure 16) 
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4& 8 G1Z8 square feet 


& = 0641 JAR in cubic fest/accend 
vege 
* v= 10085 {Ab feot/eecond 
ptted on figure 7 
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FPhotegrach of Constent<Aren Gaufuer aud Attacied 
| Tak paemnt 
Bketeh of Conatant-ares Guruer and Attached 
squipaent 
Photegrash ci High Velocity inverted Fieme 
Photograph of Laverted Flaue Equiguent 
Fuel Calibration Gurve 
Plot of Gonstent<irea Kenting Xquation 
Plot of Streas Velocity ve. Orifice Pressure 
bifference 
Tfeeperature survey < inverted Flame 
Pressure Survey ~ laverted Pleae | 
Photeg®tach of Lot Velocity inverted Fiase 
| | Plot of sig Yelovity inverted Fiaze 
 Seblieren Fhotegroph of Loe Velocity Inverted 
 fiehlicrea Fiotograph of High Velocity Laverted 
~~ Flame | . 
 Gebleren Photograph, titiout Flase 
| - gehlieren Photograph, Inverted flame 
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Hath d 28 2 tsb isi Ar § | a ¥ SER Feh SG es £5844 Fi 


(Saposure - 1/5000 cece; mixture velocity - 25 fte 
eo? ¥ BGG @; fistesnied Fou 
Black clouds in viciuity of emi of pipe are 
gucke ffum@ ignition toreie indication of circuiar 
filse in ignition zone just off rod tip can be sgeene 
Curvature and turtuience of flawe front are apparent. 
Upper profile shots treak<up of fiame front into ture 
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(Sxposure - 1/30,000 see.; mixture velocity - 50 ft. 
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Limite of flase front sand mixture stream are 
Glearly defined. Turbulence in flame front is aopa= 
fente GtPaiatione ian the flame zone are indications 


Of extreme turbulence. 
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FIGURE 14 


SCELISAEN FHOTOGHAPE = SITET FLAS 
(Exposure - 1/30,000 sete; mixture velocity - 25 ft. per secs) 
Photograph shows difiusion of stream in outside aire 
Stfeast the red stream ehows little turtulence. Turbulence 


increaees with flow dictances 
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